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HOVER PERFORMANCE TESTS OF FULL SCALE 
VARIABLE GEOMETRY ROTORS 


By James B. Rorke 
Sikorsky Aircraft Division 
United Technologies Corporation 
Stratford, Connecticut 


SUMMARY 


Full scale whirl tests were conducted to determine the effects 
of interblade spatial relationships and pitch variations on the 
hover performance and acoustic signature of a 6-*blade main rotor 
system. The Variable Geometry Rotor (VGR) variations from the 
conventional baseline were accomplished by; (1) shifting the 
axial position of alternate blades by one chordlength to form two 
tip path planes; and (2) varying the relative azimuthal spacing 
from the upper rotor to the lagging lower rotor in four increments 
frcan 25,2 degrees to 62,1 degrees. For each of these four con- 
figurations, the differential collective pitch between upper and 
lower rotors was set at +1®, 0® and -1®. Hover performance data 
for all configurations were acquired at blade tip Mach numbers of 
0.523 and 0.45. Acoustic data were recorded at all test conditions, 
but analyzed only at 0® differential pitch at the higher rotor 
speed . 


The VGR configurations tested denonstrated improvements in 
thrust at constant power as high as 6 percent. Reductions of 
3PNdB in perceived noise level and of 4 dB in blade passage 
frequency noise level were achieved at the higher thrust levels. 
Consistent correlation exists between performance and acoustic 
improvements. For any given azimuth spacing, performance was 
consistently better for the differential pitch condition of +1 
degree, i.e. with the upper rotor pitch one degree higher than 
the lower rotor. 


INTRODUCTION 

The importance of the vortex system in the near wake of a 
rotor or propeller to the performance, dyneuraics and acoustic 
characteristics of that rotor or propeller is well estcOalished. 

In hover, the close proximity of the tip vortex trailing 
from the preceding rotor blade causes extremely high local induced 
angles of attack near the tip of subsequent blades on the rotor , 
resulting in significant reductions in rotor efficiency */ *, . 



In forward flight, both rotor performance and airloads are signi- 
ficantly affected by blade-vortex interactions. Trailing tip 
vortices often impinge directly on the rotor blades causing high 
vibratory loads The vortex system also has a Icurge effect on the 
perceived noise level of the rotor system. Local flcv; separation, 
resulting from the large angle of attack changes which occur wh^ 
a blade intercepts a trailing vortex filament, has been identified 
as a large contributor to the overall noise level of current 
generation helicopter rotors 

Analytic methods, which have been developed to account for the 
effect of the trailing vortex on hover performance , *, forw^d 

flight performance *, and perceived noise levels *, all highlight 
the detrimental effect of the trailing tip vortex where tangential 
velocities approach the magnitude of the free stream velocity at 
the blade tip *. 

Previously, rotor design changes directed toward improving 
rotor performance and to controlling tip vortex-rotor blade 
interaction have mainly consisted of modifications to blade and 
tip design. Removing the conventional geometric design constraints 
of rotors, such as coplaneir blades, equal blade azimuth spacing, 
and equal collective pitch values, opens an entirely new dimension 
of design variables. It was recognized that use of these design 
varicdsles to reorientate the tip vortices relative to toe blades 
could lead to improvements in rotor performance, dynamic and 
acoustic characteristics. 

The Variable Geometry Rotor (VGR) concept originated at the 
NASA Langley Research Center. It is essentially composed of two 
corotating conventional rotor systems with equal numbers of blades 
that can be indexed axially and azimuthally relative to one 
another. The upper and lower rotors can also have unequal collec- 
tive pitch settings. 

The first experimental evaluation of such a rotor system was 
conducted by Landgrebe and Bellinger ® under contract to NASA. 

This small scale model rotor experiment showed that properly 
selected variable-geometry rotor configurations can offer substan- 
tial improvements in hover performance without adversely affecting 
forward flight performance. Hover performance gains up to 7 per- 
cent were demonstrated. 

The present experimental progreun was conducted to verify on a 
full scale rotor the performance gains demonstrated by the small 
scale test, and to measure toe effect on acoustic signature of 
various staggered geometry configurations. Results of the model 
rotor tests were used as a guide in selecting the azimuthal spacings 
for full scale testing. 


2 


LIST OF ILLUSTRATIONS 


Figure 


Page 


1. Test Baseline Rotor Installed on Sikorsky 

10,000 Horsepower Main Rotor Test Stand 28 

2. Test Baseline Rotor Installation Details 29 

3. Blade-Rotor Head Adapter for Test Baseline Rotor, , . 30 

4. Veuriable Geometry Rotor Installed on Sikorsky 

10,000 Horsepower Main Rotor Test Stand 31 


5, Variable Geometry Rotor Head Test Installation, , , , 22 

6 , Variable Geometry Rotor Head Installation Details , , 33 

7, Test Baseline Rotor Measured and Calculated 

Performance, Tip Mach Number = 0,523 34 

8 , Test Baseline Rotor Measured and Calculated 

Performance, Tip Mach Number = 0,580 35 

9, Test Baseline Rotor Measured and Calculated 

Performance, Tip Mach Number = 0,638 3 g 

10, Three Lower Blade-Only on VGR Rotor Head, 

Compaurison of Measured and Calculated Performance , , 3 ^ 

MEASURED PERFORMANCE OF VGR CONFIGURATIONS 



Aiji 

A 6 


(deg) 

(deg) 

11 , 

62.1,43.6,34.4, 

0 


25.2 


12 , 

62.1 

0 

13, 

43.6 

0 

14. 

34.4 

0 

15. 

25.2 

0 

16. 

62.1,43.6,34.4, 

0 


25.2 



Mach No. 

Also 

Included 


0.523 

Comparative 
Baseline. . 

38 

0.523 

Test Data 
Points . . . 

39 

0.523 

Test Data 
Points. . . 

40 

0.523 

Test Data 
Points . . . 

41 

0.523 

Test Data 
Points. . . 

42 

0.450 

Compcurative 
Baseline. . 

43 


3 



Figure 

(deg) 

(deg) 

Mach No. 

Also 

Included 

Page 

17. 

62.1 

0 

0.450 

Test Data 
Points. . . 

44 

09 

• 

43.6 

0 

0.450 

Test Data 
Points, , , 

45 

19. 

34.4 

0 

0.450 

Test Data 
Points. . . 

46 

20. 

25.2 

0 

0.450 

Test Data 
Points, , , 

47 

21. 

62.1 

+1 

0.523 

Test Data 
Points, , , 

48 

22. 

62.1 

-1 

0.523 

T(sst Data 
Points, , , 

49 

23. 

62.1 

+1,-1 

0.450 

Comparative 
Baseline. . 

50 

24. 

43.6 

+1,0,-1 

0.523 

Comparative 
Baseline. • 

51 

25. 

43.6 

+1,-1 0 

. 450,0. 523 


52 

26. 

34.4 

+1,-1 0 

.450,0.523 


53 

27. 

25.2 

+1,0,-1 

0.523 

Comparative 
Baseline, , 

54 

28. 

25.2 

-1,+1 

0.450 

Comparative 
Baseline, , 

55 

29. 

25.2 

+1 

0.523 

Test Data 
Points, , , 

56 

30. 

25.2 

-1 

0.523 

Test Data 
Points, , , 

57 

31. 

Shaft Modal 

Properties. . . 

• • • • • 


58 

32. 

VGR Ground 

Resonance. . . . 

• • • • • 


59 

33. 

Ground Resonance Stability 
Criterion . . . 

from Price 

• • • • • 

• s 

60 

4 








Figure 

34. Effect of Rotor Speed and Air Density on VGR 

Stability 

35. Effect of Hub Rotations on VGR Stability 

36. Effect of Hub Asymmetry on VGR Stability 

37. Effect of Pitch-Flap Coupling on VGR Stability. . . . 

38. Mode Shape Construction 

39. Mechanism of Coriolis Induced Mechanical Instability. 

LIST OF TABLES 

Table 

1. Performance Parameter Calibration Technique . . . 

2. Summary of Performance and Acoustic Gains .... 

3. Definition of Abbreviations for Computer Printouts 


4. 

Performance Data, 

Test 

Baseline 

Rotor , 

M = .523 . 

5. 

Performance Data, 

Test 

Baseline 

Rotor , 

M = .580 . 

6. 

Performance Data, 

Test 

Baseline 

Rotor , 

M * .638 . 


Performance 

Data 

for VGR Configurations 


Aij; 


A6 


Mach Number 


(deg) 


(deg) 



7. 

62.1 


0 


0.450 

8. 

62.1 


0 


0.523 

9. 

62.1 


+1 


0.450 

10. 

62.1 


+1 


0.523 

11. 

62.1 


-1 


0.450 

12. 

62.1 


-1 


0.523 

13. 

34.4 


0 


0.450 


Page 

61 

62 

63 

64 

65 

66 

Page 

67 

68 

69 

70 
73 
76 


79 

81 

83 

84 

85 

86 
88 


5 


Table 


Page 






A0 Mach Number 



(deg) 



(deg) 



14. 

34.4 



u 

0.523 

90 

15. 

34.4 



+1 

0.450 

92 

16. 

34.4 



+1 

0.523 

93 

17. 

34.4 



-1 

0.450 

94 

00 

• 

34.4 



-1 

0.523 

95 

19. 

43.6 



0 

0.450 

96 

20. 

43.6 



0 

0.523 

98 

21. 

43.6 



+1 

0.450 

100 

22. 

43.6 



+1 

0.523 

101 

23. 

43.6 



-1 

0.450 

102 

24. 

43.6 



-1 

0.523 

103 

25. 

25.2 



0 

0.450 

104 

26. 

25.2 



0 

0.523 

106 

27. 

25.2 



+1 

0.450 

108 

• 

00 

CM 

25.2 



+1 

0.523 

109 

29. 

25.2 



-1 

0.450 

110 

30. 

25.2 



-1 

0.523 

111 

31. 

Performance 

Data 

for 

Lower Rotor Only, 

M » 0.450 

112 

32. 

Performance 

Data 

for 

Lower Rotor Only, 

M = 0.523 

114 


TEST FACILITY 


The Sikorsky 10,000 HP Main Rotor Test Stand is used to 
perform development, performance, and endurance testing of main 
rotor systems. The rotor head is driven by a single direct 
current electric motor capable of producing up to 10,000 horse- 
power and is located 19.8 meters (65 feet) above ground level 
(Figure 1) . 


DESCRIPTION OF ROTORS 


Test Baseline Rotor 

A modified Sikorsky S-65 rotor head with six S-55 main rotor 
blades was used to obtain reference performance data. Figure 1 
shows this rotor mounted on the test stand. Modifications to the 
rotor head included removing the damper positioner pistons and 
modifying the deimper internal valving to obtain daunping 
characteristics similar to the S-55 rotor system. Blade to 
rotor head adapters were fabricated to allow the S-55 blades to 
be mounted on the S-65 rotor head (Figures 2 and 3). Pertinent 
parameters for this rotor are given in the following table. 

TEST BASELINE ROTOR 


Radius, meters, (ft) 
Chord , cm , ( in) 

Number of blades 
Linear twist, deg. 
Airfoil section 
Tip Mach numbers tested 


8.9 (29.2) 

41.7 (16.4) 

6 

-9.25 
NACA 0012 

0.523, 0.580, 0.638 


Variable Geometry Rotors 

The variable geometry rotor head was fabricated 
primarily from Sikorsky S-55 rotor head hardware and is 
illustrated in Figures 4 through 6. Two S-55 rotor heads were 
mounted on a common shaft spaced one chordlenth, 41.7 cm (16.4 
inches) , apart. The collective pitch of the lower rotor was 
controlled in the usual fashion. through a stationary swashplate, 
rotating swashplate and pushrods connected to the rotor head 
pitch horn. The collective pitch of the upper rotor was con- 
trolled by an electric actuator mounted on top of the rotating 
shaft. Collective pitch of the upper and lower rotors was 
controlled remotely from the control room of the whirl tower. 

The relative azimuth spacing between the upper rotor 
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blades and the following lower rotor blades was varied by 
removing the upper rotor head from the shaft spline and re- 
placing it in the desired azimuth orientation. 

The original intent was to test the VGR configurations 
at the same dieuneter and rotor speed as the test baseline rotor 
to prcv ids a direct comparison. When the VGR was first operated 
at this diameter, however, an unusual Coriolis-induced mechanical 
instability was uncovered. This instability, which is described 
in detail in Appendix A, was caused by the particular combina- 
tion of hardware used and is not necessarily peculiar to the 
variable geometry rotor concept. To allow operation at high 
blade loadings, the blade radius was shortened to 8.1 meters 
(26.5 ft) and the operating rotor speed reduced. 

The following table defines the variable geometry 
rotor configurations tested. 


VARIABLE GEOMETRY ROTOR 


Radius, meters (ft) 

Chord, cm (in) 

Number of blades 
Solidity 

Linear twist, deg. 

Airfoil Section 

Tip Mach Numbers Tested 

Aij; -upper blade to lagging lower blade, deg 
AZ , chordlengths 

A0 -upper rotor pitch minus lower rotor 
pitch, deg. 


8.1 (26.5) 

41.7 (16.4) 

6 

.098 

-8 

NACA 0012 
0.450, 0.523 
62.1, 43.6, 34.4, 25.2 
1.0 

1 . 0 , 0 , - 1.0 


TEST PROCEDURE 


Performance Testing 

All instrumentation for measuring the performance 
parameters was calibrated as described in Table 1. Testing was 
generally performed in the early morning when favorable wind 
conditions existed. Wind velocity was monitored and recorded 
for each data point and all data were corrected to zero wind in 
accordance with NACA TN 1698. The 'average wind velocity for all 
test runs was less than 2.6 meters per second (5 knots). 

Before the first test run (series of consecutive data 
points at a single rotor tip Mach nvimber) , and after each run, 
records of running zeros were taken. Running zeros consist of 
records of thrust , torque , and whirl stand bearing torque taken at 
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approximately 1 to 2 rpra rotor speed in both the forward and 
reverse direction. 

The following parameters were recorded for each data 
point. Blade parameters were measured on one blade of both the 
upper and lower rotors for the VGR. 


1. 

ambient temperature 

degrees F 

2. 

wind velocity 

knots 

3. 

rotor speed 

RPM 

4. 

thrust 

pounds 

5. 

torque 

ft- lbs 

6. 

bearing torque 

ft- lbs 

7. 

impressed pitch 

degrees 

8. 

pitching moment 

in . lbs 

9. 

coning angle (beta) 

degrees 

10. 

lag angle 

degrees 


Data points were obtained by setting a particular 
rotor speed and blade angle. Data were recorded after allowing 
the system to settle for about 30 seconds. Strip chart records 
for a 20 to 40 second period were the source of the primary 
performance parameters. The order in which data points were 
taken was randomized to reduce the chance of systematic error. 

Performance and acoustic data for the VGR were acquired 
at rotor speeds equivalent to tip Mach numbers of .450 and .523 
at an axial spacing of one chordlength at azimuth spacings of 
62.1®, 43.6®, 34.4®, and 25.2® measured from an upper blade to 
the following lower blade of the six bladed system. At each of 
these conditions, data were acquired at differential collective 
pitch (upper vs. lower rotor) of zero plus and minus one degree. 
Radius of the VGR system was 8.1 meters (26.5' feet). 

Data were also acquired at the two rotor speeds with 
only the three lower blades Installed to establish the whirl 
stand and ground interference effects on the VGR. The baseline 
six bladed rotor was tested at a radius of 8.9 meters (29.2 feet), 
but the mechanical stability problem discussed in Appendix A 
forced the reduction to 8.1 meters (26.5 feet) for the VGR 
configurations . 

Blade Tracking Problem 

Prior to acquiring test data , an attempt was made to 
track blades by first installing the three upper blades and 
adjusting the pushrod length until all three were in track. Then 
the three lower blades were added and the lower pushrods adjusted 
in an unsuccessful attempt to obtain a tracked lower rotor. 

After repeated attempts to track the lower blades in the presence 
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of the upper rotor , the upper blades were removed and the lower 
blades were tracked. With both the upper and lower rotors 
tracked independently, all six blades were mounted on the stand 
and tested in the V6R configurations, but problems were en- 
countered with the track of the lower blades. In all of the VGR 
configurations at the higher thrust levels, problems were con- 
sistently encountered in which any one blade on the lower rotor 
would randomly go out of track by as much as 0.3 to 0.6 meters 
(one to two feet) . This random out-of-track condition occurred 
more frequently in unsteady wind conditions and with VGR con- 
figurations which gave poorer performance. 

Although blade track problems due to blade-vortex inter- 
actions have been experienced on other rotor systems at high 
blade loading, it is believed that the difficulties with the 
VGR rotor at all thrust levels were a result of the basic concept 
of the VGR. In hover, it is desired to allow the tip vortices 
of an upper blade to pass over the following lower blade and 
then down through the lower rotor tip path plane between blades 
as described in Reference 9. In this manner, the adverse effects 
of blade-vortex interference on rotor performance are to be 
minimized or eliminated. 

In the presence of the low wind conditions and small 
amounts of unsymmetrical whirlstand interference encountered 
during this test, it is concluded that small random perturbations 
occurred in the path of both the blade and the tip vortices 
causing the relative distance between a blade and a tip vortex to 
change. This change in separation distance would change the lift 
distribution of the blade and, therefore, cause a change in the 
coning angle or flatwise bending shape of the individual blade, 
resulting in an out-of-track condition. During the test, direct 
qualitative correlation was observed between wind gustiness and 
tip path plane stability. The characteristics of this out-of- 
track condition bore no resemblance to the mechanical stability 
problems encountered at higher rotor speeds and at larger diameters. 

The random track problem was not encountered during the 
small scale model VGR hover tests because they were conducted in 
a controlled indoor environment (no wind) using rotor blades with 
a high flapping inertia. Stiffness and mass properties of the 
model rotor blades were much greater than full scale blades and, 
to obtain high Mach numbers with the low model rotor radius, 
rotational speed was very high. Thus, because the ratio of 
centrifugal to aerodynamic forces was much higher for the model 
rotor test and no wind was present, the track problem was not 
evident. 
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Acoustic Measurements 

To insure data quality for the low frequency blade 
passage (6/rev) and sub-harmonic (3/rev) signals, a wide-band 
FM recording system was used. The Honeywell model 560 OB, set up 
for half -inch, 7 channel tape, recorded the data at 15 ips yield- 
ing a frequency range of 0 - 10 KHz. General Radio type 1961-0601 
1-inch electret-condenser microphones with windscreens and type 
1560-P42 pre-amplifiers were used in the field. Dana DC 
amplifiers were used to maintain the signals at proper input 
levels for the recorder. 

Acoustic measurement station 1 was mounted on the 
centerline of the rotor head, .91 meters (3 feet) above the 
plane of rotation. Station 2 was 38.1 meters (125 feet) from the 
rotor centerline, .91 meters (3 feet) off the ground. Stations 
3, 4 and 5 were located on a pole 86.9 meters (285 feet) out at 
heights of 0.91, 8.2, and 21.3 meters (3, 27 and 70 feet) respec- 
tively. Station 6 was 125.3 meters (411 feet) out and 15.2 cm 
(6 inches) above the ground. 

To insure close correlation of acoustic and performance 
data, noise data and performance data were recorded simultaneously. 
This gave thirty second records at each condition. 

Complete details of the acoustic measurement technique 
and recorded data are presented in Reference 10. 

COMPARATIVE BASELINE PERFORMANCE DERIVATION 

Because of the difference in radius discussed previously 
and in Appendix A, it is necessary to analytically correct the 
baseline data to the VGR radius of 26.5 feet and solidity of .098. 
A refined version of the prescribed wake hover analysis reported 
in Reference 3, the Circulation Coupled Hover Analysis Program, 
(CCHAP) was used for this correction. The following procedure was 
followed: 

1. To establish the validity of the analysis, perform- 
ance of the 8.9 meter (29.2 feet) baseline rotor 
tested on the Sikorsky Stratford whirl tower was 
calculated using CCHAP. Figures 7, 8 and 9 show 
that agreement between test and calculated data is 
within 0.5% of thrust at constant power at all 
rotor speeds. The 8.9 meter (29.2 feet) radius 
rotor is free of ground and whirlstand interference 
on this test facility. 

2 * To estimate the effect of ground and whirlstand 
interference for the 8.1. meter (26.5 feet) radius 
rotor, a comparison was made between performance 
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data for an isolated, 3 bladed, 8*1 meter (26.5 
feet) radius rotor tested on the Sikorsky Bridgeport 
whirl tower and the same rotor tested during the 
present program on the Stratford whirl tower. This 
comparison indicates that, for an 8.1 meter (26.5 
feet) radius rotor, ground and whlrlstand inter- 
ference on the Stratford facility results in measured 
Cq*/o's 3.0% greater than those of an isolated rotor 
at the seune power coefficient. (Several inboard 
pockets of the 8.1 meter (26.5 feet) radius rotor 
are over the top of the whirl tower.) It was noted 
that other 8.1 meter (26.5 feet) radius rotors have 
also experienced a 3.0% Ct/o increase due to 
whlrlstand and groimd interference on the 10,000 HP 
Main Rotor Test Stand in Stratford. 

3. To establish that the analysis and Interference 
effects determined above are sufficient for an 8.1 
meter (26.5 feet) rotor on the 10,000 HP Main Rotor 
Test Stand in Stratford, calculated (CCHT^) 
performance for the three bladed rotor was corrected 
by increasing C<r/o by 3.0%. This calculated 
performance is in excellent agreement with test data 
acquired on the Stratford facility as shown in 
Figure 10. 

4. Performance was calculated for the six bladed, 8.1 
meter (26.5 feet) radius baseline rotor using CCHAP. 
The calculated C^/o's, increased by 3.0% to account 
for whlrlstand and ground interference, are then 
compared directly to the VGR test data to determine 
the hover performance gains achieved by the VGR. 


DISCUSSION OF RESULTS 
Data Presentation 

A brief summary of the gains achieved in both 
performance and acoustic signature is presented in Table 2. 

Tabulated performance data for the test baseline rotor 
is presented in Tables 4 through 6. (Table 3 explains the abbrevia- 
tions used on the computer printout.) Performance data for all 
tested VGR configurations is tabulated in Tables 7 through 32. 
Figures 11 through 30 present the VGR performance data in non 
dimensional graphic form. Unless otherwise noted, all data is 
corrected to zero wind conditions, but is not corrected for whirl- 
stand interference or ground effect. Comparative baseline data is 
also presented with grotind effect and whlrlstand interference in- 
cluded. 
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Precision of Test Data 


For all rotor configurations, precision of the least 
mean squares curve fit data is within 0.5 percent of thrust at 
constant power. Therefore, in comparing test results for different 
rotor configurations, differences of 0.5 percent or less should not 
be considered significant while differences greater than 0.5 percent 
must be considered both real and significant. Data for configura- 
tions with zero differential collective pitch are, in general, more 
precise and accurate than data for configurations with either +_1.0O 
collective pitch where fewer data points were taken. 

Performance Results 

The performance summary presented in Table 2 shows that, 
for all VGR configurations, hover performance was improved when 
compared to the baseline, in-plane, symmetrical, six bladed con- 
figuration. Improvements in thrust at constant power varied from 
1.0 to 6.0 percent and agree reasonable well with the gains 
achieved for similar configurations during the model VGR test 
program reported in Reference 9. 

For all azimuth spacings, configurations with a differential 
collective pitch of +1° (upper rotor pitch 1° higher than lower 
rotor) demonstrated improved performance compared to 0® and -1®. 

This improvement is most likely due to either a redistribution of 
the vortex path or increased separation of the two tip path planes 
for that configuration. Small scale tests^ have shown that axial 
spacing has a strong effect on VGR performance. Axial hub spacings 
greater than one chordlength were not tested full scale due to 
considerations of hub parasite drag and shaft weight in practical 
applications. The small scale tests also indicated that the most 
significant AZ effect occurs in the first chordlength of separa- 
tion. 


Cross plots of the measured hover performance improve- 
ment trends presented in Table 2 did not yield clear trends and, 
for that reason, are not .presented. This lack of clear trending 
is not surprising when one considers the concept of "threading the 
vortex through the blades" upon which the VGR hover improvements 
are based. 


The subjective concensus of the persons involved in the 
test program, based upon the quantitative performance and acoustic 
data presented in Table 2, as well as qualitative observations of 
rotor tracking stability and acoustic signature, is that the^ 
azimuth spacing of 43.6 degrees (lower blade lagging) is definitely 
superior in all categories at differential collective pitch settings 
of +1 and 0 degrees. 

It is suspected that the azimuthal, axial and collective 
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pitch settings that demonstrated superior performance in the 
present test would change for a rotor with different solidity, 
radius, tip speed or twist. All of these parameters have been 
shown to have an effect on tip vortex trajectory. 

Acoustic Results 

Because the dieuneter of the baseline rotor (17.8m or 
58.4 ft) was greater than that of the actual V6R configurations 
(16.2m or 53 ft), the acoustic signature of smaller baseline rotor 
had to be simulated analytically. It was found that at constant 
tip speed with the radius decreased to 8.1m (26.5 ft), the rotor 
system would be only 1 dB noisier. As 1 dB is within the range of 
data accuracy (+1 dB) , no corrections were applied to the baseline 
data. 


Acoustic data were analyzed only for the configurations 
with equal collective pitch on the upper and lower rotors although 
data were recorded for all configurations. A complete discussion 
of the acoustic measurements as well as a tabulation of all data 
is presented in Reference 10. 

Table 2 shows that the acoustic gains of up to 4 dB 
consistently correlate with the aerodyneunic performance gains. 

CONCLUSIONS 

1. Improvements in rotor thrust at constant power as 
high as 6 percent have been demonstrated in hover on a full scale 
variable geometry rotor (VGR) . 

2. Improvements in acoustic signature demonstrated by 
the VGR correlate with improvements in hover performance. 

3. The VGR may be susceptible to a random blade-out-of- 
trac)c problem when hovering in a light variable wind or when the 
rotor is in the presence of a solid body which could distort the 
vortex trajectory (such as a fuselage) . 

4. Changes in blade geometry (chord, radius, twist, 
airfoil section) will probably alter the optimiun VGR configuration 
(axial and azimuthal separation) . 

RECOMMENDATIONS 

1. The sensitivity of the VGR to random blade out-of- 
traclc conditions should be investigated further using dynamically 
scaled model rotor blades. 

2. Since the variable geometiry rotor was conceived, 
advances in material and blade technology have made practical the 


14 


use of high non-linear twist distributions on rotor blades. There 
is reason to question whether the hover performance gains of the 
V6R would be additive to the gains which have been demonstrated 
through the use of blade twist. A test program should be con- 
ducted to resolve this question. 
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APPENDIX A 


CORIOLIS INDUCED MECHANICAL INSTABILITY 

By Robert A. Johnston 

Sikorsky Aircraft Division 
United Technologies Corporation 
S tr at ford , Connecticut 


SUMMARY 

Full scale whirl tests were conducted to determine the 
effects of interblade spatial relationships and pitch variations 
on the hover performance and acoustic signature of a 6-blade main 
rotor system. The Variable Geometry Rotor (VGR) variations from 
the conventional baseline were accomplished by: (1) shifting 

the axial position of alternate blades by one chordlength to form 
two tip path planes; and (2) varying the relative azimuthal 
spacing from the upper rotor to the lagging lower rotor in four 
increments from 25.2 degrees to 62.1 degrees. For each of these 
four configurations, the differential collective pitch between 
upper and lower rotors was set at +1 degree, 0 degree and -1 
degree. Hover performance and acoustic data were acquired for 
all configurations. 

In the course of testing the full scale Variable Geometry 
Rotor system, an instability occurred which was shown to be purely 
mechanical and the result of Coriolis forces driving the system 
in a ground resonance mode. This unusual type of ground resonance 
is primarily the result of the rotor mass to effective hub mass 
ratio being very large (about 1.0) compared to that normally 
existing in conventional systems. The instability was initially 
uncovered when testing the VGR at a radius of 8.9 meters (29.2 ft). 
That radius was achieved with blade extenders weighing about 50 lbs 
each, mounted between the rotor head and blade cuff. 

It must be stressed that this instability was not 
caused by aerodynamics or the VGR concept, but was only a function 
of the particular hardware selected for this test. The history 
and analysis of that instability are presented here for informa- 
tion and insight into a unique problem which could reoccur with 
other systems. 
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SYMBOLS 


b 

e 

IB 

K 

Y 

niB 

H 

q 

qp 

r 


X 


y 

6 


Y 


Ys/ Yc 
Yo 


A 


A 2 

A3 


Sb/^B 

offset 

blade mass moment inertia about hinge 
lag hinge spring stiffness 
mass of one blade 

effective fixed system mass at hub 
number of blades 
( 1 /X) + XX 
A3x2/(1-X) 

hub generalized coordinate 

radius of gyration of blade about its c.g. 
first mass moment of blade about hinge 

(w/ojr) 2 

2 C 

Y 

flapping generalized coordinate 
cyclic flapping coordinates 
coning angle 

lag generalized coordinate 
cyclic lag coordinates 
steady lag angle 
percent critical lag damping 
percent critical hub damping 

2 Cq/(1-X) 

e/b(l+r2/b2) 

KY/IgW^ 

y/2(l+r2/b2) 
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I 

I 


y 

Nmg/ (Mg+Nmg) 


“r 

reference fixed 

system frequency 

“y 

uncoupled lag frequency 

u)CJ 

uncoupled fixed 

system frequency 


azimuth angle 


Q 

rotor speed 



PRETEST VGR STABILITY ANALYSIS 

Prior to testing, a ground resonance analysis was 
performed. Unfortunately, the analysis being used could not 
accommodate coaxial rotors, and certain assumptions in the 
modeling of the system were necessary. 

To obtain the required input to the analysis, a shake 
test was performed which defined the natural frequencies, damping 
generalized masses, and mode shapes of the non-rotating drive- 
shaft with the hubs in position and all of the flapping mass 
removed. This test showed the system to be essentially symme- 
trical, and produced the modal characteristics shown in Figure 
31. Examination of the mode shape indicated that a reasonable 
representation of the system dynamics would be obtained if it 
Were assumed that a single 6 bladed rotor were situated at a 
point on the shaft midway between the upper and lower rotors. 
Using this assumption, the modal data given in Figure 31, and 
the appropriate blade parameters in the analysis yielded the 
results shown in Figure 32. This indicates onset of an in- 
stability at a rotor speed of approximately 280 rpm. 

Initially, that result was surprising since the 
appearance of the frequency loci did not resemble those 
characteristically obtained from conventional systems (see 
insert in Figure 32). The main difference between conventional 
systems and the VGR is that, for the VGR, the intercepts of the 
uncoupled shaft and blade lag frequencies occur at rotor speeds 
far in excess of that at which instability is predicted. Such 
a wide separation would normally preclude instability. Since 
prediction of the instability with such frequency separation was 
questionable, a check was in order. 

Price^^ has developed closed form expressions for 
defining ground resonance stability boundaries. Although 
strictly only applicable to one degree of freedom hub motion, 
the expressions do provide valuable insight, and are repeated 
below in Price's nomenclature. 


18 


( 1 ) 


(«/Wr) = [1 + (q/(|>y)]/ X 

y*{ + (A 2A)] “ ((j>q/xx) } + 2<j> q Aj^y - 

(1 - Ai)q^ = 0 


( 2 ) 


Knowing all of the system parameters, these expressions 
are used by assuming a range of values of X and calculating 
corresponding values of y from (2). Ifhen substituted in (1), 
these give the appropriate rotor speeds. Since y is proportional 
to the blade lag damping required for stability, we can construct 
stcdsility boundaries in the blade lag damping : rotor speed 

plane. This was done using VGR parameters. The results are 
shown in Figure 33. It can be seen that instability is predicted 
at a rotor speed of 350 rpm. The present analysis was then run 
using a single degree of freedom hub. This predicted instability 
at 330 rpm. The correlation between these results was considered 
sufficient to validate the initial VGR prediction. 

If all of the pareuneters involved are examined, the 
reason for this apparently unusual predicted ground resonance be- 
comes apparent. First, the ratio of the total blade mass to the 
effective mass at the hub: conventionally we might expect ratios 

in the order of 0.1. The VGR mass ratio was approximately 1.0 
with the extenders mounted on the hub to achieve the 8 . 9 meter 
(29.2 ft). Second, the effective hub damping: with the landing 

gear oleos, etc. , levels as high as 25% critical can be achieved. 
The VGR damping was 3% critical. Simply considering Deutsch's^^ 
product of damping criterion would suggest some kind of a problem. 
The mass ratio is probably of more importance for this VGR con- 
figuration. Although the hub frequency is relatively high, when 
the blades lag in their backward whirl mode, they are able, by 
virtue of their inordinate inertia forces, to produce sufficient 
hub motion to create the type of energy transference that leads 
to ground resonance. 

The frequency of the lag motion in the rotating system 
predicted for the VGR at onset of instability is very low - on 
the order of 0.1 cycles per second. Attendant with this will 
be low lag velocities which will render the lag dampers relatively 
ineffective. This explains the nature of the stability boundary 
shown in Figure 33. 

Based on the above, it was decided that the planned 
upper rotor speed limit of 233 rpm for the performance tests would 
be within the stable operating envelope. 
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OCCURRENCE OF INSTABILITY 

On the first day of the proposed performance tests, 
the rotor was run up to a rotor speed of 220 rpm in flat pitch 
with no indication of instability. However, as the blade pitch 
angle was increased witli the rotor running at a speed of 212 rpm, 
an instability was encountered at a blade angle of 6 degrees. The 
oscillograph record of this instability showed that the phenomenon 
is a rotating system backward whirl. During the instability, the 
shaft was also observed to process. The frequency of the 
oscillations in the rotating axes is approximately 0.1 cycles per 
second. This is very similar to the type of instability predicted 
in the preliminary analysis but, since it had not occurred in 
flat pitch, it was naturally believed that it had somehow been 
induced by the aerodynamics. 

Further tests were performed at progressively lower 
speeds. Instabilities similar to the above were again encountered 
at progressively higher blade angles. At the same time, aero- 
elastic analysis was being performed which predicted instabilities 
of the same type that had occurred. The experimental and analytical 
results are shown in Figure 34. The predicted instabilities were 
in every way similar to the test occurrences, but quantitative 
agreement in terms of the blade angle at onset is lacking. This 
lack of quantitative correlation will be discussed subsequently. 

At this juncture it was decided to perform some analyti- 
cal parametric studies to identify those elements of the system 
that were required for the instability to exist. 

PARAMETRIC STUDIES 

In Figure 31, it will be observed that the hijb rotates 
out-of-plane as the driveshaft bends. Therefore, variations in 
the magnitude of these rotations were made to assess '^eir impor- 
tance. The effect of the rotations on the VGR stability is shwn 
in Figure 35. From this it can be seen that, although increasing 
the rotations is destabilizing, they are not necessary for the 
instability to exist since with zero rotations, instability was 
still predicted. 

The fact that the instability involved precession of 
the driveshaft suggested variations in hub impedance ratio; that 
is, the degree of hub asymmetry. Fi^re 36 shows that increasing 
asymmetry by softening in one direction is destabilizing and in 
fact leads to static divergence when the stiffness in one direc- 
tion is zero. However, increasing asymmetry by stiffening in one 
direction has a sted^ilizing influence. In classical whirl 
flutter of propellers, increasing asymmetry by softening or 
stiffening in one direction can be stabilizing. Therefore, the 
inst^d}ility we are dealing with cannot be placed in this class . 
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The limit case of infinite stiffness in one direction 
was also analyzed. Instability was predicted at virtually the 
same blade angle as in the 10:1 hub impedance ratio case. There- 
fore, we can conclude that shaft whirling precession, although 
destabilizing, is not a prerequisite for instability. 

Since the blades were free to flap, the effect of 
increasing the flapping frequency by pitch-flap coupling was 
examined. This effect is shown in Figure 37. It can be seen that 
increasing pitch-flap coupling has a stabilizing influence. This 
would suggest that flapping does play a part in the instability. 

It would also seem reasonable to assume that increasing the 
flapping frequency via root springs would be stabilizing. 

At this point it was decided to remove the flapping 
motion altogether. When this was done, the instediility was not 
predicted. Therefore, flapping is an essential ingredient. 

With the flapping reintroduced, the lag motion was 
locked out. Again, no instability was predicted. Thus, lagging 
is also a key ingredient. 

We have thus far established that, for the instability 

to exist, 

(a) hub rotations are not required, 

(b) shaft whirling precession is not required, 

(c) flapping is essential, and 

(d) lagging is essential. 


Therefore, all further analysis was performed with only 
the essential degrees of freedom. That is,^ flap, lag, and one 
purely translational hub mode. 

To determine the effect of aerodynamics on the system, 
the unstable mode shape was examined. This is shown in Figure 38. 
It can be seen that, during the unstable oscillations, the rotor 
tip path plane is tilted. It follows that the thrust vector must 
also be tilted. To assess the importance of this effect, the 
thrust terms were removed from the stability matrices while all 
of the remaining steady and derivative aerodynamic terms were 
retained. Instability was still predicted. Therefore thrust, in 
itself, is not a key ingredient. 

Since thrust also causes blade coning, coning was set 
equal to zero in the analysis with the consequence that no 
instability was predicted. Thus, coning is essential. 
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At this point, it was decided to remove the aero- 
dynamics completely while retaining coning. Instability was 
still predicted. This made it clear that the phenomenon is not 
aeroelastic. It is in fact a purely mechanical instability, 
which, since the system being tested had no pre-cone, required 
the aerodynamics only to produce a coning angle. 

Additional studies revealed that without aerodyneunics 
and with an input coning angle, the flapping degree of freedom 
was still required for the instability to exist. The lag freedom 
is also required. 

To assess the actual effect of the aerodynamic forces, 
stability boundaries were defined as functions of coning angle, 
with and without aerodynamics. It was found that both boundaries 
were essentially coincident. Therefore, other than producing 
coning, the aerodynamics participate little in the instability. 

Using all of this information, we will, in what follows, 
establish the precise mechanism of the instability. 


THE MECHANISM 

We have now reduced the problem to that of a fairly 
simple dynamic system which has the following equations of 
motion . 

IqB + Sgg^cosij; qp + 2j2l2g^Y + ^^^(Ib ©Sq) 3 = 0 (3) 

IfiY + (Sgsinii/ + SqYqCosiI;) qp - 2^123^6 

+ 2CyIb“’YY + i^^eSoY = 0 (4) 

(Nriig + Mg) qp + Sb3q I 6cos(f< + SjjZYsini/; + SjjYo ^ Ycosij; 

+ 2 ^gMgWgqp - 2 QSb3oj 6sini|/ + 2fiS3 ^Ycosip - 2J^S3Yo2YSini|; 


N N N 

+ wq^Mg^Jp - i2^Sg3oZ Bcos4> - vQ*SjjZYSinit> +n^SBYo zYcosi}/ = 0 (5) 
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If we asstime that the flap and lag coordinates 3 and Y 
have the forms , 


B = ^/N (S3sinij; + (6) 


Y = (YsSintp + YcCOSii») (7) 

vdiere 3s# @ c # Y s ^nd Y c complex , time dependent quanties that 
combine to form cyclic rotor modes, then, using the additional 
relations , 


3 = */N [(^g - Q3c)sin'i' + (3^, + «3s)cosif) 1 

*3 = ^/N [(3g - 2n 3c - Ji*3g)sin\i; + ^gj 

(3*c + 2H 3g - n*3c)cosip ] 

, »» 

with similar expressions for Y and , it can be shown that 
Equations (3) , (4) , and (5) become 

Ib*Bs - 2Q Ib3c + «^eSjj6g + 2J^Ij33ofs 

- 2f^2lB3oYc = 0 

(9) 


Ig 3 c + 2^1363 + fl*eSB 3 c + 2 QIb 3 qYc 

+ 2n*lB3oYs + Cl/2)SBSoqF = ^ 


(10) 

^BYs “ 2ni3Yc - - eS3)Yg + 2 CyIbU)yYs 

- 2CyIb^“Y^c “ 2niQ3o3s + 2Ji*lB3o3c + N/2Sg q^, = 0 


IbYc + 2ftlBYs - “ 6 Sb)Yc + 2CyIb“y‘^c 

+ 2^Y^B^^Y^b 2ftlB0o0c ~ 2J2*Ig3o3s 

, + (N/2)Sg Yoqp “ 0 

Sb3o3c SbYs SgYoYc (^®B "** 

+ 2CqMq«qqp + to^Mqqp - 0 


( 11 ) 


( 12 ) 


(13) 
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Now, since coning has been shown to be essential to 
the instability, the destabilizing elements in these equations 
must contain the coning angle. To assist in identifying the 
critical elements, let us again examine the unstable mode shape 
in Figure 38. Choosing the instant in time when the hub is just 
approaching its^meiximum displacement, it can be seen that 
3c r ^s' ^s ^c all approaching zero, xt is, therefore, 

app€urent that the desteibilizing elements are those terms in 
Equation (10) , (11) £uid (13) that contain the coning angle. These 
are underlined and are seen to be inertial and Coriolis forces. 
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The mechanism of the instability is now cleeur. With 
the blades coned, the hub accelerations produce blade inertial 
forces that cause the blades to flap. The flapping motion produces 
Coriolis forces which, at the onset of instability, act as shown 
in Figure 39. A fotur bladed confi^ration is illustrated to 
simplify the presentation. It is important to note that the 
blade lagging motion is occurring in that mode which causes the 
rotor center of gravity to rotate in a retrograde sense about 
the center of rotation. This is the ground resonance mode. It 
can be seen that the Coriolis forces, by virtue of the phase 
relationship between flapping and lagging, are acting in phase 
wi^ , and in the same direction as , the blade lag displacement in 
this retrograde mode. They are, therefore, acting in phase with 
and in the same direction as the offset rotor c.g. inertia forces. 
That is, the Coriolis forces are driving the rotor in the ground 
resonance mode, thereby precipatating instability. 

The pareunetric trends observed can new be explained. 

The hub rotations are destabilizing because they increase the 
flapping and hence, the magnitude of the Coriolis forces. In- 
creasing flapping frequency is stabilizing because this both 
decreases flapping and changes the phase angle between flap and 
lag. The effects of introducing asymmetry are entirely consistent 
with normal ground resonance behavior. 


DISCUSSION 

This work has uncovered what appears to be a phenomenon 
not heretofore encountered; a Coriolis induced mechctnical in- 
stability. It is believed that such phenomena have been predicted 
previously , but have mistaking ly been attributed to other causes. 

In Reference 13, the author conducted analytical sta- 
bility studies of large rotor propellers in high speed axial flight. 
In the studies of fully articulated systems, certain instabilities 
were predicted which, in the light of what has preceded, are now 
suggested to be of this Coriolis induced type. The rotor pro- 
pellers being analyzed had similar dynamic characteristics to the 
VGR system as tested on the Sikorsky Stratford whirlstand (low 
effective hub damping and large rotor to effective hub mass 
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ratios) . The fact that the instability has now manifested itself 
is attributed to these rather unusual dynamic characteristics. 

In more conventional systems, it is unlikely that the Coriolis 
effect would be quite as important. 

Since the instability was uncovered on an 8.9 meter 
(29.2 ft) VGR configuration incorporating heavy blade extenders 
to achieve that radius, this discussion has been directed 
exclusively toward that case. Removal of the blade extenders and 
reduction of the operating rotor speed permitted the completion 
of the VGR whirl test without incident. The instability probably 
only occurred because the existing rotor hardware, used to obtain 
the VGR test configurations economically, resulted in such low 
effective hub damping and a large rotor to effective hub mass 
ratio. 


In a qualitative sense the correlation between the 
observed and the predicted phenomena is good, but quantitatively 
the predictions are overly conservative. It is believed that 
this is largely the result of inaccurate modeling. The fact that 
the VGR had two 3 bladed, coaxial rotors, while the analytical 
model had one 6 bladed rotor is important both from dynamic and 
aerodyamic considerations. The differing rotations at each 
of the VGR hubs, the rotor aerodynamic interference effects, and 
the differing rotor coning angles , not included in the analysis , 
must all contribute to the accurate definition of the stability 
boundaries . 


It is important that we note that the instadaility 
encountered is in no way associated with the VGR concept. The 
axialysis showed that it occurs even if there is only cme rotor. 
The VGR configuration simply laakes correlation that much more 
difficult. 


A new vista of ground resonance has been opened. 
Clearly, this report has not covered the subject with the rigor 
of the classical papers on normal ground resonance and much 
remains to be done. 


CONCLUSION 

1. Rotor systems with a lag frequency less than the 
rotor speed and a large rotor to effective fixed system mass 
ratio can be susceptible to a Coriolis induced mechanical 
instability if they are coned and are able to flap. 

2. Increasing the flapping frequency has a stabilizing 

influence. 
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3. Accurate modeling of the dynamics of such systems 
is important, particularly ^ relation to hub rotations since 
these are highly destabilizing. 

4, It would appear that the Coriolis induced phenomenon 

has all the characteristics of normal ground resonance, but the 
complexity of the phencmenom is increased by adding flapping and 
coning parameters. 
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FIGURE 1. TEST BASELINE ROTOR INSTALLED ON SIKORSKY 
10,000 HP MAIN ROTOR TEST STAND 
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FIGURE 2. TEST BASELINE ROTOR INSTALLATION DETAILS 





FIGURE 3. BLADE-ROTOR HEAD ADAPTERS FOR TEST 
BASELINE ROTOR 
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FIGURE 4. VARIABLE GEOMETRY ROTOR INSTALLED ON 

SIKORSKY 10,000 HP MAIN ROTOR TEST 
STAND 
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FIGURE 5. VARIABLE GEOMETRY ROTOR HEAD TEST 
INSTALLATION 
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FIGURE 6. VARIABLE GEOMETRY ROTOR HEAD 

INSTALLATION DETAILS 


33 


Note 

These data are unaffected by 
ground and whirl tower 
interference 



FIGURE 7, TEST BASELINE ROTOR MEASURED AND CALCULATED 
HOVER PERFORMANCE 
Ct/o vs Cq/o 
MACH NUMBER = 0.523 
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FIGURE 11. VGR HOVER PERFORMANCE COMPARISON 
Ct/<J vs Cq/o 

BLADE AZIMUTHAL SPACING = 62.1®, 43.6®, 
34.4®, 25.2® 

DELTA BLADE ANGLE BETWEEN ROTORS =0® 
MACH NUMBER = 0.523 
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FIGURE 12. VGR HOVER PERFORMANCE 
Ct/o vs CQ/o 

BLADE AZIMUTHAL SPACING = 62,1® 

DELTA BLADE ANGLE BETWEEN ROTORS = 0® 
MACH NUMBER = 0.523 
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FIGURE 13. VGR HOVER PERFORMANCE 
Ct/o vs Cq/o 

BLADE AZIMUTHAL SPACING = 43.6* 

DELTA BLADE ANGLE BETWEEN ROTORS = 0* 
MACH NUMBER = 0.523 
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A.n data on this ploL include 
the effect of ground and 
whirl stand interference 
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FIGURE 15. 


VGR HOVER PERFORMANCE 
Ct/o vs CQ/a 

BLADE AZIMUTHAL SPACING * 25.2* 
DELTA BLADE ANGLE BETWEEN ROTORS 
MACH NUMBER = 0.523 


















FIGURE 16. VGR HOVER PERFORMANCE COMPARISON 
Ct/o vs Cq/o 

BLADE AZIMUTHAL SPACING *= 62.1®, 43.6®, 
34,4®, 25.2® 

DELTA BLADE ANGLE BETWEEN ROTORS = 0® 
MACH NUMBER = 0.450 
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figure 18. VGR HOVER PERFORMANCE 
Ct/o vs CQ/o 

BLADE AZIMUTHAL SPACING » 43.6* 

DELTA BLADE ANGLE BETWEEN ROTORS = 0* 
MACH NUMBER = 0.450 
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All data on this plot includ 
trie effect of ground and 
whirl stand interference 
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FIGURE 19. VGR HOVER PERFORMANCE 
Ct/o vs Cq/o 

BLADE AZIMUTHAL SPACING = 34.4* 
DELTA BLADE ANGLE BETWEEN ROTORS 
MACH NUMBER = 0.450 
























FIGURE 20. 


VGR HOVER PERFORMANCE 
Ct/o vs Cq/o 

BLADE AZIMUTHAL SPACING - 25.2* 
DELTA BLADE ANGLE BETWEEN ROTORS 
MACH NUMBER = 0.450 
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FIGURE 21. VGR HOVER PERFORMANCE 
Ct/o vs Cq/o 

BLADE AZIMUTH SPACING = 62.1® 

DELTA BLADE ANGLE BETWEEN ROTORS = 1® 
MACH NUMBER = 0.523 
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FIGURE 22. VGR HOVER PERFORMANCE 
Ct/o vs Cq/o 

BLADE AZIMUTH .SPACING = 62.1® 

DELTA BLADE ANGLE BETWEEN ROTORS * -1® 
MACH NUMBER = 0.523 
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FIGURE 23 , VGR HOVER PERFORMANCE COMPARISON PLOT 
Ct/o vs Cq/«, blade azimuthal spacing 

MACH NUMBER 0.450, DELTA BLADE ANGL] 
BETWEEN ROTORS = -1*, +1* 
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FIGURE 26 » VGR HOVER PERFORMANCE COMPARISON PLOT, C-j/a VS Cq/o, 
BLADE AZIMUTHAL SPACING * 34.4*, MACH NUMBER = 0.450 
AND 0.523, DELTA BLADE ANGLE BETWEEN ROTORS = -1*, + 














FIGURE 27 , VGR HOVER PERFORMANCE COMPARISON PLOT, Ct/Q VS. Cq/Q 

BLADE AZIMUTHAL SPACING = 25.2*, MACH NUMBER = 0.523 
DELTA BLADE ANGLE BETWEEN RPTORS = -1®, 0®, +1® 
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FIGURE 28 , VGR HOVER PERFORMANCE COMPARISON PLOT, Ci/a vs Cq/o , 
BLADE AZIMUTHAL SPACING = 25.2", MACH NUMBER = 0.450 
DELTA BLADE ANGLE BETWEEN ROTORS = -1", +1" 






FIGURE 29. VGR HOVER PERFORMANCE 
Ct/o vs Cq/o 

BLADE AZIMUTHAL SPACING = 25.2* 

DELTA BLADE ANGLE BETWEEN ROTORS = 1® 
MACH NUMBER = 0.523 
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All data on this plot include 
the effect of ground and 
whirl stand interference 
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FIGURE 30. 


VGR HOVER PERFORMANCE 
Ct/o vs Cq/o 

BLADE AZIMUTHAL SPACING = 25.2“ 
DELTA BLADE ANGLE BETWEEN ROTORS 
MACH NUMBER = 0.523 
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UPPER ROTOR 



FIGURE 31 


SHAFT MODAL PROPERTIES 


FWO SHAFT 



FIGURE 32. VGR GROUND RESONANCE 





LAG DAMPING , 7o CRITICAL 
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FIGURE 33. GROUND RESONANCE STABILITY 
PROM PRICE'S CRITERION 
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FIGURE 34. EFFECT OF ROTOR SPEED AND 

AIR DENSITY ON VGR STABILITY 



HUB ROTATIONAL MODE SHAPE , RAD/IN 


FIGURE 35. EFFECT OF HUB ROTATIONS 

ON VGR STABILITY 
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FIGURE 36. 


EFFECT OF HUB ASYMMETRY 
ON VGR STABILITY 
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FIGURE 37. EFFECT OF PITCH-FLAP COUPLING 

ON VGR STABILITY 
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FLAPPING VELOCITY 




INERTIA FORCES 
FLAP BLADES 


FIGURE 39 


MECHANISM OP CORIOLIS INDUCED 
MECHANICAL INSTABILITY 




TABLE 1 


PERFORMANCE PARAMETER 
Parameter 

Impressed Blade Pitch 
Temperature 

Rotor Speed 

Thrust, Torque 

Wind Velocity 
Blade Angle 
Pitching Moment 

Coning Angle 

Lag Angle 
Psychrometer 

Barometer 


CALIBRATION TECHNIQUES 


Calibration 

Daily Physical Calibration 

Metrology Lab Periodic 
Calibration 

Metrology Lab Calibration 
of RPM Digital Counter 

Load Cells Physically Calibrated 
April 1974 

Metrology Lab Periodic 
Calibration of Speedoroax 
Recorders 

Zero Offset Recorded Daily 

Daily Physical Calibrations 

Strain Gaged Swashplate 

Physically Calibrated 8/20/74 

Metrology Lab Periodic 
Calibration of Speedomax 
Recorder 

Physical Calibration at Each 
Azimuthal Spacing Change 

Daily Physical Calibration 

Metrology Lab Periodic 
Calibration 

Metrology Lab Periodic 
Calibration 
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TABLE 2 


SUMMARY OF PERFORMANCE AND ACOUSTIC GAINS 
FOP. VGR CONFIGURATIONS 


Tip Mach Number « 0.523 


Ai|; 

A6 

%C^/ a gain 

Noise Reduction 

Perceived Noise 


at Cq».008 

at 

Level Reduction 

(deg.) 

(deg.) 

(%) (1) 

Blade Passage 

(PNdB) (2) 


Frequency (dB) (2) 


34.4 

+1 

6.1 



43.6 

+1 

5.6 



62.1 

+1 

5.5 



62.1 

-1 

5.5 



43.6 

0 

4.7 

4 

3 

25.2 

+1 

4.4 



43.6 

-1 

4.4 



25.2 

0 

4.0 

4 

3 

34.4 

0 

3.8 

~1 

0 

62.1 

0 

2.9 

-6 

1 

25.2 

-1 

2.8 



34.4 

-1 

1.1 





Tip Mach 

Number « 0.450 


62.1 

+1 

5.8 



43.6 

+1 

5.5 



62.1 

-1 

4.7 



62.1 

0 

4.4 



25.2 

+1 

4.4 



25.2 

-1 

3.8 



43.6 

0 

3.8 



34.4 

+1 

3.8 



34.4 

-1 

3.8 



43.6 

-1 

3.3 



34.4 

0 

2.9 



25.2 

0 

2.2 




(1) Precision of test data is +0.5% C^/ 

(2) At Station 5, in the rotor plane, 86.9m (285 ft) from the 
rotor centerline. 
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TABLE 3 


DEFINITION OF ABBREVIATIONS FOR COMPUTER PRINTOUTS 


ABBREVIATION 

PARAMETER 

UNITS 

AIMP 

Impressed Blade Angle at 75% RAD. 

Degrees 

BETA 

Coning Angle 

Degrees 

CDO 

Profile Drag Coefficient 

Dimensionless 

CL 

^tean Lift Coefficient 

Dimensionless 

CQ 

Torque Coefficient Corrected 
To Zero Wind 

Dimensionless 

CQO 

Profile Torque Coefficient 

Dimensionless 

CQ/S 

Corrected Torque Coefficient 
Divided by Rotor Solidity 

Dimensionless 

CT 

Thrust Coefficient 

Dimensionless 

CT/S 

Thrust Coefficient Divided 
by Rotor Solidity 

Dimensionless 

DCQI 

Increment Added to Torque Coefficient 
To Correct to Zero Wind 

Dimensionless 

DENR 

Density Ratio 

Dimensionless 

HP 

Horsepower Corrected to Standeurd Day 
Conditions and Zero Wind 

Horsepower 

HPA 

Horsepower Corrected to a Particuleu: 
Rotor Speed at Standard Day Conditions 
and Zero Wind 

Horsepower 

LAG 

LAG Angle 

Degrees 

MACH 

Tip MACH Number 

Dimensionless 

MU 

Advance Ratio 

Dimensionless 

PM 

Pitching Moment 

Inch -lbs 

PRES 

B eurometric Pressvure 

Inches Hg 

Reno 

Renolds Number Based on TIP Speed 
and Nominal Blade Chord 

Dimen s ion le ss 

RPM 

Rotor Operation Speed for a Particular 
Data Point 

RPM 

TEMP 

Average Run Temperature 

Degrees F 

THTA 

True Blade Angle 

Degrees 

TRA 

Thrust Corrected to a Particular Rotor 
Speed at STD Day Cond. 

Pounds 

TRST 

Thrust at Test RPM Corrected to 
Standard TEMP & Press. 

Pounds 

WIND 

Wind Velocity 

FT/SEC. 
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TABLE 6 BASELINE RC TCR MACH NO. = .636 

AIMP MACH RPM TPST HP CT CQ THTA PM BETA LAG 



6176E 00 0.2053E-01 0.5365F-02 0.‘^605E-06 0.2294F-03 0.9394E-01 0.8842fc-02 26925, 3243 

9045E-01 0.T028E-02 0.93686-02 0. llClE-05 0.7853E-04 0.1376E-01 0.1230E-02 3940. 446 

4987E 00 O.llRPE-Ol O.llllF-Ol 0.3689E-05 0.1327E-03 0.7586E-01 0.60396-02 21743. 2202 

1^44F-0L 0.6356E-02 0.75656-02 0.27946-06 0.7661E-04 0.23496-02 0.88186-03 674. 323 

7560F 0. 3 831F-01 C. 4C9 4F-C2 0.6 1926-06 0.42 80E-03 0, 11506 00 0.1329F-01 32989, 4884 
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105 0.11136-01 0.67586-0? 0.2107F-02 0.1976E-517 0.7551E-04 0.1693F-02 0.8599E-03 ^98. 320.4 
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lf»9 9.11 0.450 176.00 95*^4. 652.2 0.007203 0.0005395 BLADE AZIMUTHAL SPACING: 62,r 

169 8.11 0.450 176.00 8358. 524.1 0.006315 0.0004336 DELTA BLADE. ANGLE BETWEEN ROTORS: +1 

170 11. 11 0.450 176.00 12097. 877.4 0.009139 0.0007259 MACH NUMBER: .U 50 

171 10.11 0.450 176.10 10684. 766.0 0.008072 0.0006337 

17? 11.71 0.450 176.10 12592. 953.2 0.009513 0.0007885 
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TEMP WIND RPM MACH RENO PRES OENR 


l<?l e.ll 0.523 205.10 12048. 922.5 0.006698 0.0004817 BLADE AZIMUTHAL SPACING: 62.1° 

192 10. 1 T 0.523 205. 10 15733. 1 348.6 0.008746 0.0007042 DELTA BLADE. . AIIGLE.BEIWEEN ROTORS: +l‘ 

193 9.1 1 0,5 2’ 205.00 14009. 1135.2 0.007789 0.000592 8 MACH NUMBER: .523 
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173 8.11 0.450 176.20 7219. 418.9 0.035454 0.0003465 BLADE AZIMUTHAL SPACING; 62 . 1 ° 

174 10.11 0.450 176.20 9493. 624.7 0.007172 0.0005168 DELTA BLADE ANGLE BETWEEN ROTORS: 

175 11.51 0.450 176.30 11123. 797.6 0.008404 0.0006590 MACH NUMBER: .U 50 

176 11. U 0.450 176.40 10353. 727.5 0.007822 0.0006019 

177 9.11 0.450 176.30 8298. 511.6 0.006269 0.0004232 


< o cvj 

a. » . • . . 

I fM 00 'O O 

O O' « O 
4' ^ 


< ^ (T( 4* (M OD 

O. . . « . . 

I lO 

0 0-1 
4* >0 in 


I 


ec 4“ ^ m 4* m 
fo 00 00 
^ ro f>J -4 

r» O' o o QO 


ec m -o -• 

»“ O' 4 'O 

O 4 ro 
h- O' 00 



85 


186 0.5753E 00 0.7872E-02 0.4830E-02 0.7891E-06 0.9692E-04 0.87516-01 0.6907E-02 11254. 789 

187 0.5522E 00 0.6615E-02 0.1862E-01 0.1137E-04 0.8145E-04 0.8400E-01 0.6397E-02 10815. 719 
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OUTPfiT DAT/V IS: 


a. 

X 



h- pj O' O' 
I'- m >0 C «/> 
>0 ^ « 00 lO 



O' 00 m o CD 

00 ^ vr\ o O' 
>o <M cc o 

»r> fo p- sO ^ 

C o O O o 
O O O o o o 

o 0000c 


O o o O o 


O o »r u> 
'O o sO <r 

K ^ IT. ^• fr. ^ 

c r* iT( ® oc <> 

O o o c o 
o o o c c 

O O o c c 


0 “ -4 00 o O' 

o • • • • • 

T r-o-soroh- 

or u> f** (Nj >0 

^ ^ 00 OC (TV 


K 'J' or <t m 

i/i O- O C 00 

OL oc m 'O o 

»- c^ ^ oc 


i 

Q 

a 


o o o c c 
o O' O' a c 


c o e o o 

I ir> iT' irv ir> u> 

c ^ ^ ^ <r 

• • • • • 

5- r- o <r» e cr 



< 

• 

• • • • 

oc 

ro 

<0 't 0 ^ 

t- 

O' 

-• fsi pri 0 


00 

^ 'O 0 <0 


0 

p- ^ ^ OD 

to 

(NJ 

(M <M PsI fM 

V. 

o 0 0 0 0 

0 

1 

1 1 1 1 

0 

tu 

LU tu LU LU 


>0 

^ 4 * 4. 0 



Ifk ^ 0 


p- 

CD O' ^ 


»n 0 -a" 


• 

• • • • 


00000 

to 


^ ^ ^ ^ 

>*. 

0 

0 0 c 0 

1 - 

1 

1 t 1 1 

0 

LU 

LU UJ iU UJ 


fO 

ir O' 


p- 

p- 0* ^ 00 


m 

0 00 ^ 


p^ 

iTi 00 00 'O 


0 

0000 

0 


fn m >t 

0 

0 

c 0 0 0 

0 

1 

till 


LU 

UL) LU LU LU 


ID 

fO DJ ^ PsJ 


<V 

^ D. o-t 


O' 

»r» pg po r- 


O' 

p^ ^ ^ or 


• 

• • • • 


0 

0 c 0 0 


00 

p- 

0 

0 

0 0 0 

c 

1 

1 1 1 1 

c 

Lu 

UJ U' LU LU 


O' 

»-• 4 - PsI p- 


P«- 

0 0 ^ D* 


P- 

<N) >U tD f< 


rn 

^ ^ ^ ^ 


0 

0 c 0 0 

3 

to 

fO fD P' (Pt 

ar 

C 

0000 


lU 

LU U' lU LU 


O' 

or 00 00 m 



CPi CO tD <T> 


4. 

or oc 00 00 


m 

>0 'O >c 


0 

0 0 C C 

c 

fNJ 

rV) — 1 ^ fV: 

c 

0 

c 0 C 

0 

1 

11(1 


LU 

LU IU LU U. 


<P 

tv P> fVi c 



Cl fp m p. 



^ c 0 c\ 


« 

sO ^ P' 


• 

• • • • 



0 0 C- 0 

-J 

c 

0000 


c 

0 0 Pp c 


U Uli'lijU- 

O' o « oc 

f'“ ni IP »f\ (\j 

o 00 ir> n 

^ er. u. tf\ ^ 

• • • • • 

O O o o c 



or o c —* *vj 

f\j fsj rsi f\i c\j 


or o* o -< »v 

<S; fNJ Cu <N» tv 




94 


< 

a 

X 


CO tf> *^4 
^ ^ ^ ^ 
r- O' i-i 


& 


s 

> 



<vi tr 4- 

•-• o r- o 

^ m ^ ^ 
^ tf> *o 

o o o o 
o o c o 
o o c c 

• • • • 

O O O o 


O' r- -- >o 

00 or rf' 

fw ^ a 

ir> flc ^ t'- 
oo c o 
^ c o o 

• • • • 

o o o c 


^ to ^ 

Q. # • • • 

X r-> O' c O' 

® (TV ,0 

r- m ^ 


I/O 

uc 


• • • • 

f«o m ® ^ 
^ «M m 

-O' >0 O' 

O fv rn 


< • • « • 

ec <o O irt 

h- ^ f'* «0 

<«> tf> m 00 

O U% fO 


»/> 

>v 

o 

o 


IM rsj rg CM 
O O O O 
I i i I 


r«- rg ir\ O 
^ <4* rsj ^ 
>r r- «rv >o 


o oo o 


i/i ^ ^ *>i 

O OC o 
^ till 
O UJ Ul UJ U.I 

O' O' >0 '4' 
r- ^ f«» jfv 
® ® O' ® 

m « ® 

• • • • 

O O o o 


O o> 

o o o o c 

O I I I I 


OP m lA 

O o 

0 ^ 0 -* 
cr 1-4 

♦ • • • 

c o o o 


— or ® ® « 

o o o *» e 

O till 
O u: Ui 111 UJ 

^ O I'- ® 

® rvj O' <o 

vA o- <o ® 

r(j <M rg A* 

• • • • 

O O o 


3 

X 


m fT» fA fo 

0 C o o 

1 I I I 


^ m fo 
-4- 4- ^ 

O' O' O' o 
«M pg A* rsj 


*A ^ 

uj Ch 

at • 

a O' 

pg 


o 

z 

UJ 


QC 


O' 

pg 

fO 

• 

JA 


fP. 

rsi 

to 

• 

O 


>0 

o 

pg 


Z 

a. 

CL 


I 

I 


c o o c- 

•O ® ^ f"” 


o g> g> 
O o c o 
Pl' pg pg rg 


fP r" ® 

X pg pg pg fV 

O IT iT. tA lA 

<x • • • • 

y c o o 



(Ni _( <Nf pg 
O O C* O 
I I I I 
a. u< ui lu 

>0 ff 'O <r» 



• • • • 

p? o O O 


^ c c o c 

o coco 


U. U< Uj UJ 
>t X *0 

^ O' ® O 

® r- lA <-H 
ft . IT ' 4 ' tA 

• • • • 

C C c o 


c 

z 


pg 

c 


ri 

o 

't 


<I 

t- 

4l 

c 


4 ^ lA g; 

ppt fpi ro (Pi 

pg pg A. pg 


c 


4 - u“ g 5 P- 

(<^ (Pi pr Pt 

(Vi pg pg pg 


in 

C 

< 

<r 

UJ 

> 


95 



• • 

rt o 

lO 


• • 

f*- 00 
'O 00 


rg 

nO 

r*» 

VT» 


< 

CL 

X 


O O' 4- « -• 
f'- O' ^ 
oj tf\ O* O O' 
^ N- <^ <\i 00 


rsj r\j f\j rsj f\J 

O O O c o 


I t I 


t 


^ f\j ^ m fn 
tf\ fo O' ® 

00 O' ® ® O' 

• • • • • 

C O o o o 


m f'- ® ® 

® o» >t r- e 

ffl I'' iT» O' 

c o o o o 

C O o o o 

o c o o o 

« • • • • 

O O o o o 


<M ir» ^ ® O 
fv u> m ® 
sO 'i- O 'C 
® lA ^ O' 'O 

o c o O o 

C O O O c 

• • • • • 

o c o o c 


O irv O 
• • • • • 

® O 'T ® 

r- O' —( O' 

® 4" 'O O' 


h- -• >0 O' ^ 

»-• lf\ oc ^ ® 

--I fw O' ^ «D 


o o o o o 

I I I I I 

UJ UJ UJ LU LU 

o <V ® ® <M 

(A 'O ® O' ® 
lA f'~ lA ^ f"- 
® ® h* O' ® 

• • • • • 

c o o o o 


fT> r»' (n ^ 

e o o o o 

I I I I t 

LLI 111 UJ UJ UJ 

vj” <\J sO fA '<• 

ro ® lA O' ® 

^ r- o <N <N 

^ f- ^ O' 

C' O O o o 


I 


I I I 


UJUJliJU^U- 

lA O' O oc 
-O ® «A lA 
ovj ro ® ^ lA 

».r n fA -J" ro 

• • • • ■ 

c o o c o 


m f<> f*'i ro 

CO o o o 
I I t I I 
LU Uj U 1 LU UJ 
® CM <M 

O' O' O' O' O' 

^ .i* »t •4- ^ 

ri f«“ m rn cA 

• • • • • 

o e o o o 


® ® *-♦ O C'- 

CM O ® 
O' O' O O' 
lA^tc'-mf'- 
O O O O C 
O O Ci O C 

O O Ci O c 

• • • • • 

O O O o o 


CNJ 0-1 ® ® 

h- oc (Nj ® ® 

h* ® O' lA 'V' 

0 0*^00 
O O C- ^ o 


O o O : 


C r*' CA ® 

• • • • • 

O' lA ^ 00 

^ O' CM ,c 
c^ lA O' >t ® 


«0 O' O' 

<M f\J O' lA >0 

Ai o ^ 

c- <5- fV fw ^ 


^ 


c c o o o 

ITi lA tA lA lA 
sj- >4^ 

• • • • • 

e c c o c 


^ ® C ^ O' 


CM rv, CM »~i IM 

cr O o o O 

I < I I I 

111 LU lu uj ai 

r- >t c'^ o o 

CM r*^. lA O lA 
O' vO ® 

• • • • • 

C- O c c o 


r C O c c 
c; O O o o 

u LU LLI u . 
•— ' ® lA sti ® 
CM ® >t lA 

sO o^ o >t 
lA f» . -J" >C '4* 

o c o o o 


«4- -4 '4 '4' 


O O O C3 O 
IT LA lA lA lA 

»}• <>■ '4' '4' 

• • • • • 

o e c c o 


I ^ ^ ao ^ ^ 

• • • • • 

<i O O' — ' a •- 


fv rA ^ lA >o 
lA lA lA ir> CA 
CM fM CM r^; CM 


A.' ff- >t lA <■■ 

lA lA LA lA «A 
fsj CM CM CM 


CM r ^t CA ® 

® ^ %C 'll) 

CM CM CM fM CM 


96 


26? 0.f?157F 00 0.8100E-02 0,3^30F-08 0.0 0.9973E-04 0.78446-01 0.6039E-02 10310* 697*6 

263 3.45506 00 0,66846-02 0.3492E-02 0.366BF-06 0.8230E-04 0.69^1E-01 0.50016-02 9096. 577.3 

264 0.61516 00 0.9922F-02 0.33306-08 0.15386-09 0. 12226-03 0.93576-01 0.77096-02 12298. 899.8 

265 0,-*912F 00 0.5108E-02 0. 33286-08 0.0 O.6289E-04 0*59516-01 0.39606-02 7831. 458.3 

266 0.5932F 00 0.8767F-02 0.33306-08 0. 14566-09 0.10796-03 0.9023E-01 0.72976-02 11859. 843.0 
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323 0.61'55F 00 0. lOlOE-01 O.3450E-O3 0.4310E-0B 0.1244F-03 0.9363E-01 0.7817E-02 12330. 913.7 

324 0.4394E 00 9.7106F-02 0.6920E-03 0. 1432E-07 0.8749E-04 0.66846-01 0.4842E-02 8793. 564.9 
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267 0.4629F 00 0.7764E-O2 0.2863E-08 0.1255E-09 0.9559E-04 0.7041E-01 0.5245E-02 12504* 952.2 

268 0.5923E 00 0.1012E-01 0.2862E-08 0*0 0.1246E-03 0.9009E-01 0.7452E-02 16017. 1355.0 

269 0.5241E 00 0.9200E-02 0.2862E-08 0.0 0.11336-03 0.7972E-01 0.6299E-02 14157. 1144.2 

270 0.6206E 00 0. 11146-01 0.2862E-08 0.0 0.1372E-03 0.9441E-01 0.8029E-02 16766. 1458*4 

271 0.41136 00 0. 68056-02 0.28606-08 0*0 0.8378E-04 0.6256E-01 0.4430E-02 llllO. 805.1 
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